Abstract -This paper aims to improve the performance of conventional direct torque control (DTC) drives proposed by Takahashi by extending the idea for 5-level inverter. Hybrid cascaded H-bridge topology is used to achieve inverter voltage vector composed of 5-level of voltage. Although DTC is very popular for its simplicity but it suffers from some disadvantages like-high torque ripple and uncontrollable switching frequency. To compensate these shortcomings conventional DTC strategy is modified for five levels voltage source inverter (VSI). Multilevel hysteresis controller for both flux and torque is used. Optimal voltage vector selection from precise lookup table utilizing 12 sector, 9 torque level and 4 flux level is proposed to improve DTC performance. These voltage references are produced utilizing a hybrid cascaded H-bridge multilevel inverter, where inverter each phase can be realized using multiple dc source. Fuel cells, car batteries or ultra-capacitor are normally the choice of required dc source. Simulation results shows that the DTC drive performance is considerably improved in terms of lower torque and flux ripple and less THD. These have been experimentally evaluated and compared with the basic DTC developed by Takahashi.
Introduction
Direct torque control (DTC) induction motor drive is becoming more popular day by day due to its fast dynamic response and robustness to the variation of the machine parameters without using the current controller [1] [2] [3] [4] [5] [6] . Implementation of this control strategy is very simple and also coordinate transformation is not required. It is one of the most efficient control method for induction motor (IM) since its invention [7] . Performance superiority and control simplicity made DTC drive one of the prominent research areas in IM drives system. But most of the abovementioned advantages come with the cost of high torque and flux ripple.
However, the high torque ripple problem allied with the basic DTC system can be reduced by efficiently increasing the output resolution of the inverter. Many methods have already been introduced to address this problem such as zero state modulation [8, 9] , space vector modulation (SVM) [2, 8, 10, 11] and the application of multilevel inverter [4, 5, [12] [13] [14] [15] [16] [17] . These modified schemes generally provide better performance in terms of torque and flux smoothing with added switching losses and power circuit complexity.
Therefore, modified inverter circuit is introduced recently for IM-DTC drives. Innovative switching table with four level hysteresis controllers for flux and torque is proposed in [18] to construct a three-level inverter. Comparison shows a significant improvement in terms of harmonic and switching frequency over its ancestor two level inverter. The torque ripple problem associated with the hysteresis controller and look-up based switching signal generator is solved with PI controller and the SVM inverter [19] . The SVM-DTC drive imitates the advantages of basic DTC with torque and flux ripples minimization, but it requires powerful processor and runs at higher switching frequency. It is reported in the literature that matrix converter is used replacing rectifier-inverter [11] . IM-DTC drive based on matrix converter is applied in two different modes, namely, basic DTC and SVM-DTC and the results have shown that it can maintain unity power factor at the supply side.
In other study proposed for DTC control scheme fed by multilevel inverter utilize the SVM [10] and predictive control strategy [20] for selecting the voltage vector rather than look-up table. Significant improvement of flux ripple as well as torque ripple is reported. But the uses of mathematically complex equations require processor with high computational power, particularly if the voltage levels are high [14] . For this drawback some researchers preferred to use look-up table based switching signal [21] [22] [23] Advantage of these approaches is simplicity yet good dynamic responses.
However, the application of multilevel inverter improves the ST-DTC (Switching table based direct torque control) performance providing flexibility of choosing the required voltage vector from higher number of available voltage vectors compared to basic two level DTC. Three main multilevel inverter topologies have been found in industrial application; flying capacitors (FC) [24] , cascaded H-bridge (CHB) [5, 10, 25] and neutral point clamped (NPC) [26, 27] Simple design and modular structure of cascaded H-bridge multilevel inverter has the inherent advantages among these inverter topologies. With "c" H-bridge cells in each arm, maximum possible number of levels by an inverter is 3c and it can be generated when the dc supply voltages of the cascaded cells are chosen by ratio three [28] .
Multilevel inverters with promising advantages require higher number of switches and isolated dc supply for each cell. As a result price of the drives increases and the reliability decreases. In this work, number of switch has been reduced by replacing three H-bridge cell with a single six switch inverter keeping the same number of voltage vector proposed in [5, 10] . Section 2 shows the hybrid topology that is proposed in this work. Another problem of ST-DTC with MLI is the requirement of high sampling rate to utilize the inherent advantage of the inverter. Therefore, the control algorithm should be optimized to converge within the sampling period. In this article, empirical equation is introduced to address this problem. It is explained in section 5.2.
High acceptability of DTC-IM drives lies on its simple control strategy. But unfortunately complexity highly increases when the number of voltage vector goes high. In this work a simple graphical presentation of the vector selection table is introduced to explain how the switching state could be selected from the switching table. It cannot be guaranteed that the switching sequence that is employed in [5] is optimized but the graphical presentation of the vector selection table employed in this work can provide an intuitive knowledge to optimize the switching strategy for future investigation.
In the following section, concept of multilevel inverter is introduced. Section 3 graphically illustrates the voltage vectors and inverter state, followed by a brief description on the fundamental concept of DTC in section 4. Section 5 describes the control strategy of proposed DTC scheme. Simulation results and discussion is presented in section 6, followed by an implementation in section 7 and finally section 8 concludes the paper.
Hybrid Cascaded H-bridge MLI
Cascaded H-bridged cell is one of the basic topology of multilevel inverter (MLI). Advantage of this structure is its modular structure where the inverter contains small identical cell. But it requires high number of isolated dc supply. k-cell in each arm of inverter has (2k+1) voltage level and it needs 3k isolated dc supply. In the proposed method, high voltage stage is replaced with standard six switch topology and hence it reduces the total number of dc supply by 2. As a result required number of dc supply becomes 3k-2.
It is reported that number of voltage level can be increased adopting asymmetrical source [29] . Difference in individual cell voltage produces higher number of voltage step and therefore higher number of levels for same circuit topology. Maximum number of uniform step can be achieved when the cells are supplied by a voltage of ratio three [30] .
Study shows that the appropriate voltage ratio which satisfied the modulation condition to avoid high frequency operation at high-voltage level if two adjacent voltage levels are realized only selecting the lowest voltage cell. But this condition does not satisfy for ratio three based topology. Nevertheless this ratio is selected for some topology where PWM control is not applied. This problem has also been addressed in [16] Structure of the five level cascaded hybrid bridge multilevel inverter (CHBMI) introduced in this paper is shown in Fig. 1 . High voltage stage is consisting of conventional six switch inverter and each of its phases is connected in series with H-bridge medium voltage stage. High voltage stage is supplied by only one dc supply whereas medium voltage stage is supplied by 3 isolated dc supply. Compared to asymmetrical MLI, one dc supply is used in palace of 3isolated dc supplies. Additionally, in asymmetrical MLI, ability of bidirectional current sourcing is required for the three high-voltage-stage supplies except the load power factor is constantly close to unity. In this proposed design, bidirectional current capability is not necessary unless the load is operating in regenerative mode. Medium voltage supply is identical with those of asymmetrical MLI but owing to the lower voltage levels cost of the stage is much lower compared to the main high voltage stage. As a result significant reduction of dc supply cost can be achieved by this topology [3] .
To determine the output voltage levels of used topology in Fig. 1 
Phase voltages of the Y-connected load is represented by the following Eq. (2)
The voltage vector realized by Park's transformation is given in (3)
Substituting (2) into (3) gives
Eq. (4) 
Fundamental Concept of DTC
Configuration of the basic DTC proposed by Takahashi and Noguchi [1] is illustrated in Fig. 3 . In this method measured terminal variables are utilized to estimate instantaneous value of the flux and torque. From the estimated value of flux and torque an optimal switching vector is selected to directly control the torque.
Any voltage applied to the IM can be represented in stationary reference frame with the following equation:
It can be assumed that for a small time difference Δt resistive drop across the stator is very small and can be neglected. Therefore Eq. (6) can be rewritten as: 
Eq. (7) clearly indicates that the stator flux vector ψ  directly following the change of the stator voltage vector. Therefore selecting the appropriate voltage vector can effectively control the stator flux locus. It is shown in Fig. 4 . Where ψ  |  is the initial flux linkage at the instant of switching.
However, the only drawback for this control is the staggered motion of the rotor due to the use of voltage vector fed by VSI. Stator-rotor flux angle related with the torque can be written as:
Where, |Ψ  | represent the degrees of stator flux linkage and |Ψ  | represent the rotor flux linkage. Stationary reference frame is considered to represent Eq. (8) . Motion profile of the rotor flux is smoother than its creator stator flux and it rotates behind the rotor flux in lagging manner. This produces the leakage reactance of the rotor and stator. Fortunately as a result of that, vibrating motion of the stator flux is filtered out from its follower rotor flux. When the voltage vector is applied to the stator, instantly it creates a rotating flux. This flux rotates leaving the rotor flux behind which produce the angle between the fluxes. Therefore this angle can be controlled applying the proper voltage vector. As a result of that torque of the motor can be controlled.
In short, amplitude of the stator flux is proportional to applied voltage vector across rotor terminal which control the amplitude of the rotor flux and its rotation. Thus produces the angle between them which can be controlled effectively to manipulate the torque. This idea is used in DTC drive to achieve required torque and flux response in induction machine.
DTC with Hybrid Asymmetric MLI
In basic DTC scheme appropriate voltage vector is selected form the 2-level inverter. But this inverter, however, is limited to offer few number of voltage vectors irrespective to the torque demand. There by same voltage vector is selected for large and small torque and the flux error. Options of selecting the voltage vector can be greatly enhanced by 5-level asymmetrical MLI as the number of available voltage vector is high. It offers more degree of freedom to select proper voltage vector to regulated torque and flux. Thus the dynamic behavior of torque and flux is improved. Fig. 5 shows the block diagram of proposed DTC scheme. When the stator winding is fed by an inverter as shown in Fig. 1 , voltage v  can be determined by the state of the switches (S1, S2, S3 and S4) of medium stage phase and high stage switches (S13 and S14). Similarly the voltage v  and v  can be determined from the state of their respective switches. Phase 'A' of medium stage full bridge consists of switches S1, S2, S3 and S4 and connected to dc voltage Vs. High voltage stage of the inverter is a conventional six switch (S13…S16) inverter and supplied by 3Vs. Each arm of the six switch inverter is cascaded with corresponding phase of the medium stage. Switching state and output voltage of phase 'A' of this topology is shown in Table 1 . State of S2, S4 and S14 are skipped as they are always complimentary to S1, S3 and S13 respectively to avoid short-circuit of dc source. For phase 'B' and 'C' similar switching table can be constructed.
Vector selection strategy for the proposed DTC
Eq. (9.c) is expressed in terms of switching variable Xa, Xb….Yc. However, these variables can be further represented as function of switching state as follows: However, to select the desired voltage vector it is labeled as shown in Fig. 6(a) and thereby a look up table is constructed. Fig. 6(b) is the zoomed version of the shaded triangle in Fig. 6(a) . It shows that that the vector 8 can be achieved by three different switching states. This redundancy actually opens up a scope to optimize the switching frequency of high voltage stage and switching losses. However to optimize the switching losses a technique proposed [31] is adopted.
Flux and torque control Strategy
With several choices in hand to select the desired voltage vector, a proper selection scheme must be adopted to achieve the desired dynamic torque response and to keep the switching loss as low as possible. It is mentioned in previous section, 5-level inverter offers 61 useable voltage vectors. Therefore the d-q plane of the voltage vector is subdivided into 12 sectors with 30 o of each started from -15 o . Empirical rules is used and investigation shows that a 4 level torque hysteresis along with 9 level torque hysteresis utilize the highest number of available voltage vector in d-q plane. It is due to the fact that as the number of sector goes high in the worst case scenario 2N comparison is need to achieve solution for the sector. Where, N is the number of sector in vector space. Whereas, using the empirical equation need only one comparison to select the necessary equation to find the sector. Sector is calculated using following set of equations. For any sector, estimated flux is compared with its nominal value and flux error (Ψ  ) is determined. In similar way torque error signal (T  ) is generated by comparing to its reference value. Both error signals are processed through its respective hysteresis controller to generate the index of 3D look-up table consist of 61 possible voltage vector. Flux and torque hysteresis controller is designed using the rule shown in Fig. 7 . For flux hysteresis shown in Fig. 7(a) , 5% of the nominal flux is taken as the hysteresis band. In the case of torque hysteresis shown in Fig. 7(b) , 10% of the nominal torque is taken for the torque hysteresis band.
Using the above indexes generated by the hysteresis comparator along with sector number a predefined voltage vector is selected. The simple presentation of how the switching state could be selected from the switching table based on torque and flux demand is shown in Fig. 7 (c) (shaded triangle, sector 1). For a positive torque demand vector situated above the sector boundary (shaded triangle) is used and for negative vectors below the sector boundary is selected.
-Each group of vectors connected by thick lines represents a particular flux demand. -The higher the absolute value of the torque the far the vector goes from the sector boundary (creating the higher load angle). e.g. 38<39<40<41 -For higher flux demand vectors with higher amplitude are selected. e.g. 41-40-39-39,60-59-58-57 for maximum positive flux and 11-10-2-0-6-16-15 for zero flux whereas 45-44-43-23,33-55-54-53 for maximum negative.
A similar strategy can be drawn for even sector shown in Fig. 7(d) (shaded triangle, sector 2) 
Simulation
Simulation is done using MATLAB/Simulink. Parameters and rating used for the simulation and experimental validation of IM is listed in table 2. Both for conventional and proposed DTC scheme, same parameters are used.
Bandwidth of the stator flux controller is set to ±5% of the reference stator flux which is ±0.1Wb. For torque controller a hysteresis band of ±0.9Nm is selected. Flux and torque hysteresis controller is sub-divided according to Fig. 7(a) and 7(b) respectively. The dc-bus voltage is selected to 400V dc for the case of basic DTC and for its multilevel counterpart the high voltage stage dc-bus voltage is kept to 300V dc whereas medium stage is one third of its high voltage stage. Fig. 8 represent the steady state characteristics of the IM drive under the proposed control scheme. The mechanical speed is kept to Ω=50 rad/s and load torque, Tl=1 Nm is applied. Stator three-phase current and voltage (phase-A) are shown in Fig. 8(a) and 8(b) whereas Fig. 8(c) and 8(d) representing the stator flux ripple and the electromagnetic torque respectively. Zoomed part of the Fig. 8(b) clearly shows the voltage level. A zoomed look at Fig. 8(c) and 8(d) highlight the demagnetizing effect that appears repetitively at the beginning of each even sector which then over compensated in the next sector. As a result a small spike in both flux and torque appeared with an interval of two sectors. Fig. 9(a) -(e) consecutively represent the phase current, phase voltage, torque ripple, flux ripple and sector succession, when basic DTC scheme is applied. From Fig. 8 and 9 , it is evident that the proposed system outperforms in terms of flux and torque ripple to its counterpart of conventional DTC scheme. Selection of the voltage vector in the proposed DTC scheme solely depends on the torque error and flux error. These means the gradient of the torque ripple (or flux) depend on the magnitude error of the torque ripple (or flux). Therefore the probability of overextend outside the hysteresis band for the torque is reduced. Fig. 9(c) shows the torque response of conventional DTC using six switch inverter. The torque ripple band in this case is about 1.12 N-m. Fig. 8(d) is the torque response of proposed MLI version of DTC. In this instant the torque ripple is 0.34 N-m. Therefore using this topology and control about 70% torque ripple is reduced. In both case the load torque and speed demand is kept same. FFT analysis of the stator current for both proposed DTC and convention DTC is performed and shown in Fig.  8 and 9 respectively. THD has been calculated manually by considering only the first 50 harmonics. A comparative study in terms of torque (N-m), flux (Wb) and THD (%) is shown in Fig. 10 and found that a significant improvement is achieved in all the parameters.
Experimental Validation
An experimental validation is carried out using dSPACE (DS1104) powered with onboard DSP (TMS320F240). dSPACE comes with a software named controlled desk which facilitate an easy communication between MATLAB and onboard DSP. High voltage stage is implemented using SEMIKRON six-switch inverter. Medium voltage level is realized with 30A MOSFET. Four isolated dc sources are used to supply the inverter. Fig. 13 represents the steady state behavior of phase current for an induction motor driven by conventional DTC strategy with six switch inverter. Fig. 14 shows the phase current of DTC-IM using proposed multilevel inverter and DTC strategy. Fig. 15 shows the phase (A) voltage of proposed DTC. The sampling period Ts is fixed to 0.1ms in both cases.
Figs. 16 and 17 respectively representing the torque ripple in conventional and proposed method which closely replicates the discussion carried out in simulation. Fig. 18 showing experimental setup used to verify the simulation of proposed method.
One of the important issue of the power converters and drives are its switching losses. It is calculated using Eq. (12) Fig. 13 . Phase current in conventional DTC and the result are tabulated in Table 3 . Where,   stand for loss due to charging/discharging of the drain-source parasitic capacitor and   is the output capacitance of the MOSFET The comparison among the proposed MLI based DTC and similar existing type DTC is listed in Table 4 . This comparison shows that proposed topology reduces the number of switches. Consequently, in terms of topology the proposed topology is efficient and reliable. It can also be visualized that DTC with higher number of voltage level, irrespective to control technique applied, is somewhat limited to simulation. As a result, it is hard to get any quantitative comparison of experimental result among them. Switching table based control is simple compared to SVM technique, even though its complexity increases greatly when the number of vectors is increases. Therefore, it is difficult to distribute the vectors for different control demands. However, once the switching table is designed, the overall implementation of the controller becomes easier. In summary, switching table based DTC with multilevel inverter introduced in this paper can be used efficiently as induction motor drive and worthy to introduce as industrial grade variable speed drive.
Conclusion
Due to several advantage of DTC over FOC and other algorithm for induction motor drive, research and improvement of convention DTC is necessary. In this paper a DTC scheme utilizing five levels cascaded hybrid H-bridge MLI is proposed as an improvement of its ancestor. Thanks to 61 suitable voltage vector combination inherently generated by five level MLI which facilitate the control strategy of proposed DTC scheme. Conception of basic DTC scheme is modified and extended for five levels inverter. Multilevel torque and flux hysteresis controller is designed by simply dividing the Clarke plane into twelve equal sectors. Sector selection has been done by empirical equation. Simulation based study revealed that the steady state performance of the IM is improved noticeably. These performances have been experimentally validated and found close similarity between simulation and hardware result. 
